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Abstract. Err and optical (4f-4f photoluminescence and photoluminescence excitaion} spectra
due to Br centres are studied on bulk ZnSe crystals, which were grown by the high-pressure
Bridgman technique and doped with ErF; {(and partly, in addition, with Li2CO3) during crystal
growth. Besides the well known, almost isotropic signal with g = 5.94, which has been assigned
to isolated E** on Zn lattice sites, we observe three strongly anisotropic EPR spectra (A, B and
B') which are due to transitions in non-cubic EXF (spectrum A) and Er’* (spectra B and B")
centres. The symmetry axes of these centres have directions close to (111} (A) and parallel to
(110} (B and B"), The angular dependences of the signals are influenced by twinning effects,

In the crystals doped with Erf*s alone, only z single type of centre, which is obviously identical
with the type A EPR centre, manifests itself in photoluminescence. A crystal-field analysis of
the corresponding EPR and optical spectra shows that this centre has a Is-type ground level and
is characterized by a crystal-field parameter ratio Ag{rf}/As{r*) = —0,22, We think that this
centre is a complex consisting of Er** on a Zn site and F on a nearest-neighbour interstitial site.

The g-factors found for the EPR signals B and B’ can be explained on the basis of non-
Kramers doublet ground tevels of ER2* 41? which result from the splitting of cubic I's triplets
due to non-cubic crystal-field components. These two signals are ascribed to Er?* on the two
zinchblende-type interstitial sites, respectively, each forming a complex with some other kind of
atom on its next-nearest-neighbour interstitial site.

A discussion is given of the result that the EPr spectra (unlike the optical spectra} were
detected only in the case of LiCOs codoping.

1. Introduction

There is growing interest in rare-earth (RE)-doped semiconductors because of the possibility
of using 4f—4f optical {ransitions in light-emitting semiconductor devices. This is reflected
by a great number of recent studies especially for IIT-V and Si hosts [1]. These studies as
well as earlier work on REs in II-V] material (see the review in [2]) show that the 4f-4f
emission efficiency critically depends upon the form in which the RE ions are incorporated
into the crystal lattice. General experience emerging from these investigations is that
frequently the highest efficiency is obtained if the REs form complexes with other types
of defect, introduced, for example, by some kind of codoping. This observation can be
easily explained on the basis of earlier studies of the 4f4f excitation mechanism {3].

On the other hand, detailed investigations of the structure of RE centres in semicon-
ductors using EPR have concentrated on cases of isolated substitutional incorporation, with
rather few exceptions dealing with complex centres [2,4-8]. However, to make progress
with the optimization of 4f—4f emission efficiency, work on the latter type of centre, which
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often have lower than cubic symmetry, is necessary. Here it is very important to combine
the EPR studies with centre-specific optical analysis to obtain data on both the ground and
the excited 4f multiplets.

Our present work refers to low-symmetry Er centres in bulk ZnSe crystals using ErF;
as the dopant, which was chosen in view of the special interest in optical transitions of Er¥+
in semiconductors [1], and the positive experience with RE halide doping in the case of ZnS
[2,9]. Part of the studies were made on samples which were additionally codoped with Li,
in order to suppress broad-band emission which competed with the 4f—4f emission in the
samples doped only with ErF;. These two kinds of sample will be referred to as Er, F/Li
and Er, F type, respectively, in the following, To obtain complementary information on the
Er centres, EPR and photoluminescence (PL) as well as 4f—4f photoluminescence excitation
(PLE) measurements were made on the same samples.

One of our most remarkable results is that in the case of doping with ErF; alone we see a
single Er centre active in PL and PLE. This centre is obviously present in high concentrations
(see section 4).

2. Samples

The crystals were grown by the high-pressure Bridgman technique. The starting materials
were high-purity Merck ZnSe (purity, 99.999%%), Li;CO5 (puriss.) and ErF; (puriss.), all in
the form of powders. The ZnSe was subjected to high~vacuum sublimation, and to annealing
in the presence of excess Zn, for additional purification and adjustment of stoichiometry,
respectively. The concentration of ErF; in the starting material used for the growth of both
Er, F and Er, F/Li crystals was 1.5 mol%. LioCOs; was added in the latter case to give a
1:1 molar ratio of Er:Li.

Crystal growth was performed in a tapered cylinder-shaped BN crucible, under 100 atm
Ar pressure, at a temperature of 1330°C which was held for 1 h (homogenization of the
melt); this was followed by controlled cooling of the melt. The crystals (length, 20 mm;
diameter, 10 mm) exhibited growth twins, as generally found for H-VI crystals obtained
from the melt under pressure [10]. These twin planes were parallel to one set of (111)
planes and extended completely across the crystals, forming an angle of about 45° with the
growth direction. The distances between neighbouring twin planes were irregular, ranging
between 0.03 and 5 mm.

Samples of about 1 mm thickness were cleaved from various parts of the ingots, and
[110} cleavage faces were used for the excitation and measurement of the PL and as reference
planes in the EPR studies. The [001] and [111], axes were determined from the angular
dependences of the well known Fe** EPR spectrum [11]. ([111],, denotes the normal to the
(111) twin planes.)

3. Electron paramagnetic resonance spectra

EPR measurements were performed on the Er, F/Li and Er, F samples. Signals due to Er
(evidenced by their characteristic hyperfine pattern; 7 = %) were only observed in the Er,
F/Li case, at T = 4 K in the X band (9.4 GHz) and Q band (34 GHz). In ail samples
the strongest signal (to be referred to as signal C) was nearly isotropic with g = 5.94 and
a hyperfine splitting constant A = 0.0212 T, which could be assigned to the well known
spectrum of Er** on cubic sites in ZnSe having a ['; ground state {4]. The slight anisotropy
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of this signal is due to the perturbation by a close-lying g level [4]. In our case the g-factor
was determined for BJj[111],,, where the regular and the twin-induced spectra coincide and
the linewidth has a minimum. It should be noted that signals analogous to C have been
detected for Er’* in other II-VI [2] and in MI-V {12,13] materials. Additionally, three
strongly anisotropic spectra due to Er were found, namely A, B and B’ (figure 1), which
could be described by transitions based on two different spin Hamiltonians (equation (1) for
A and equation (2} for B and B') in twinned ZnSe, characterized by additional symmetry
of the spectra, about the [111]y, axis, within the (110),, plane.

57‘.
gl112) = 12,002
. (GJ - - . (b) - - -
80 30 60
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Figure 1. (a) EPR angular dependence (X band; T = 4 K} for centre A and magnetic field
B rotated in a (110) plane not containing the [111], axis. [001] is the symmetry axis of the
spectrum for the pure cubic case, (b} Epr angular dependence (X band; T = 4 K} for centres
B and B’. Here B was rotated in the (110), plane containing the [111],, axis which, in this
case, is the symmetry axis of the spectra. [110} and [110]* refer to the two twin components,
respectively, rotated through 60° about the [111],, axis relative to each other. (Only centres with
axes lying in the (111}, plane are shown.) In both parts of the figure the ranges of experimentat
points are indicated by broadened curves.

Spectrum A consists of four complexes, each described by a spin Hamiltonian
Hgin = B -g8’ ()

with effective spin §' = % and rhombic g-tensor (8 is the Bohr magneton, and B the
magnetic field). Fitting the spectra of figure 1{a) to the transitions of (1), one obtains

&1 =guy £0.57
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g2 = gy = 8.877 £ 0.001
21 = gy = 12.032 = 0.001.

Hence the g-tensor is nearly axial with respect to the {111} directions: gy = g1 >~ O;
gL = %(g, + g3} = 10.5. As discussed in more detail in section 5, Spectrum A is related to
complexes involving Er*t.

Spectra B and B’ can be described by the transitions of a spin Hamiltonian for non-
Kramers doublets arising from ions with § > 1, subjected to strong axial splitting [14]:

Hyin = g18B:S, + A8, + 8,8, + A I- . ¢))

This spin Hamiltonian cosresponds to rhombically distorted axial complexes, where A, and
A, are the splitting factors due to the rhombic field perpendicular to the z symmetry axis,
with g} =0, gy = 2Msg and effective spin §' = 3. The Hamiltonian (2) yields transitions
at the magnetic field strengths

IB] — q.f(hl))2 — Al + M[Au

g Bcos@ g fcos@

(O is the angle between B and the symmetry axis, and A% = A2+ A2). From measurements
at two microwave frequencies v (= 9.4 and 34 GHz), one obtains

£)(B) = 13.46 £ 0.01
gj(B) =1095+001 A =00219T

A = (560 + 10) x 10~* em™

with the z symmetry axis paralle! to {110}). In section 5 we shall show that the signals B
and B’ are due to centres involving Er** ions.

4. 4f-4f photoluminescence and photolunminescence excitation spectra

Intrinsic excitation of the PL (excitation through the ZnSe energy bands) was performed by
means of the 514.5 nm line of an Ar* laser. Three bands of sharp 4f—4f emission lines were
studied, which are clearly due to transitions in Er** ions, namely transitions from the 419/2,
“Fypp and *S3;, multiplets to the *Iys;» ground multiplet. (These types of intermultiplet
transition were also observed in earlier work on ZnSe:Er, for example [4,15,16].) This
sharp-line PL was partly superimposed by broad-band emission, especially in the Er, F case;
the latter was greatly reduced by the Li coactivation,

The 4f/—4f emission was also studied using 4f-4f excitation between individual Stark
components instead of the integral excitation considered before, This was done in the
4115/2 — 4F9,2 transition range, with the aid of a dye laser (dye DCM). This s the usual
procedure of site-selective (centre-selective) spectroscopy [2]. The remarkable point is that,
in the Er, F-type samples, only a single cenre was found to be active in luminescence,
which is an unusual situation for I-VI systems [2]. This is demonstrated in figure 2, where
the *Fg;» = “Ii5;2 PL spectrum is compared for integral and selective 4f—4f excitation,
The concentration of this centre, which was also seen in 4f—4f absorption, was estimated to
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Figure 2, Comparison of the EP* Yl — *lisp PL spectrum of a ZnSe:Er, F sample for
integral (514.5 nm Ar™ laser) excitation and “centre-selective” 4i-4f (‘hs;z - 4F9,2, transition
4 (figure 4)) dye laser excitation, demonstrating that in these samples a single centre coniributes
to the 4f=4f emission (T = 1.8 K).

be of the order of 10" cm~>. The single-centre result was checked by looking at various
intermultiplet PL transitions under excitation into different *Fo/, Stark components, and by
measuring 4f—4f PLE spectra monitoring various combinations of Stark components in the
*Fo;2 = *Lispp and Iy, — *I1s5/2 PL transitions. Examples are given in figure 3.

From these resulis, consistent data on the 4f energy spectrum of that centre including
the *Fosy and *Ty5p Stark splittings were derived, and this is depicted in figure 4.

It is immediately evident from these data that we are dealing with a centre of lower than
cubic symmetry, For cubic (tetrahedral) symmetry the “Fos and #1150 levels of the free
Er** ion split info three (['y 4 2I%g) and five (T's + 'y + 3I's) components, respectively [17].
Instead, in our experimental spectra we see five and eight components respectively. These
are exactly the numbers of components expected for J = % and J = 125 levels in a non-
cubic centre, where each of the cubic g levels is additionally split into two components,
In section 5 we shall argue that the cenires under discussion are identical with the type A
centres detected in the EPR spectra.

For the Er, F/Li samples we see other types of Er** centre in addition to the centres
occurring in the Er, F case. This is shown in figure 5. The additional centres have not been
analysed in detail so far by optical spectroscopy.

5. Discussion of the types of centre

As a starting point of our discussion we shall use the level diagrams of Lea, Leask and
Wolf (LLW) [17] referring to cubic symmetry. For the non-cubic centres this procedure
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Figure 3. (a) 4f—4f PLE spectra and (&) 4f-4f pL spectra under 4f-4Af excifation of the Brit
centres (A) occurring in the ZnSe:Er, F samples. The numbers on the lines refer to the labelling
of transitions in figure 4. For each spectrum the wransition monitorad {mon) or used for excitation
(exc) is indicated. Phonon-assisted transitions are denoted by PA (T = 1.8 K).

(which has been employed in earlier work on similar systems [5, 6]) will be justified if the
non-cubic crystal-field components are not too strong. In this case we can also expect that
the g-tensor components g and g, of axial centres are related to the corresponding ‘cubic’
values g. through g, = 3(3" +2g3).

For centres involving Er’t the EPR data refer to the lowest 4115/1 crystal-field component
(figure 6). If this component is one of the Kramers doublets T'g and I'y, we have

8c = 2gL(T; | {T:) i=6or7

since the I'g and I'; wavefunctions and, hence, the matrix elements of the angular moment
component J, are determined by symmetry alone [17]. Here gy is the Landé splitting factor,
which has the value § for a ‘pure’ *1;5, state. Thus one obtains g, = 6.8 and g, = 6.0 for
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Figure 3. (Continued)

[ and F; states, respectively. In the following we discuss the individual centres, starting
from the respective EPR signals.

5.1, Centre C

Because centre C has a g-value only slightly [ess than 6.0 it is concluded that one is dealing
with a I’y ground level. According to figure 6, this implies that W > 0 and -1 < x < —0.46
for the parameters introduced by LLW [17]. The detailed analysis of this signal given in [4]
leads to x = —0.71. In agreement with [4] we assign this signal to (isolated) Er** jons on
Zn sites. We also find a slight anisotropy of spectrum C originating from a close-lying [y
level. Compared with [4], this angular dependence is modified by the presence of twinning
in our case.

5.2, Centre A
For this Br>*+ centre the averaged g-value %(3“ + 2g,) is found to be 6.97 (cf. section 3).
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Figure 4. 4f energy spectrum of the Er3* centre manifesting itself in the pL and PLE spectra,
including the transitions observed in experiment and the assignments to ‘cubic’ crystal-field
components (energies in reciprocal centimetres).
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Figure 5. Comparison of the PL spectra of a ZnSe:Er, F and a ZnSe:Er, F/Li sample in the range
of the Er** 4835, — *Ij5/; transitions measured with integral (514.5 nm Art laser) excitation
(T = 1.8 K). In the ZnSe:Er,Li spectrum the sharp lines between 18230 and 18500 ¢m™!

are assigned to the pure electronic transitions 18-24 (figure 4), while the broad line about
18190 em~! is probably due to phonon-assisted transitions.

This result, together with the optical data to be discussed below, indicates that we are
concerned with a I'g ‘cubic parent’ ground level, which implies that —0.4 < x < +0.6,
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Fignre 6. LLw diagram [17] describing the splitting of a J = 15/2 level in a crystal field of
cubic (tetrahedral) symmetry.

W > 0 (figure 6).

The results of the optical studies (figures 2—4) can also be interpreted on the basis of a
non-cubic centre having a I's parent ground level. Looking at the 4115/2 Stark components
(figure 4) we see that there are three ‘doublets’ having a relatively small separation of
components (indicated by curly brackets). It seems nafural to assign these doublets to I's
levels split by the non-cubic perturbation. So, for x ~ —0.3 we get an order of parent states
consistent with figure 4, in which the corresponding assignment of the 4115;2 components is
indicated. This x-value implies that A = Ag(r®)/A4{r*) = —0.22 for the ratio of the cubic
crystal-field parameters.

Similar arguments can be applied to the *Fg; levels observed optically, where the
assignment to 'y doublets is still more suggestive (figures 3 and 4). Using the above A-
value and Stevens parameters given in [18], we get x = 0.7, W < 0, for the cubic Stark
splitting of *Fgs, which yields the level order I'g—I'7~Ts, while the situation observed in
experiment (I'7-I'g~T's (figure 4)) requires x ~ 0.87, W < 0. We feel that the inclusion
of non-cubic crystal-field terms can remove this small discrepancy. Unfortunately, owing
to the large number of crystal-field parameters in the non-cubic case, a more quantitative
discussion cannot be given.

These results indicate that the centre observed in the PL and PLE spectra is identical with
centre A seen in EPR.

We think that the most plausible model for centre A is a complex consisting of an Er¥*
ion on a Zn site and a negatively charged F ion on a nearest-neighbour (NN} interstitial site
(interstitial site surrounded by three Zn ions and the Er ion). The symmetry axes of such
complexes, with the ions in ideal positions, are parallel to {111}, Small distoitions of these
high-symmetry configurations such as found for other deep-impurity systems [19] should
be responsible for the rhombic character of the g-tensor. For a complex of that kind, g is
expected [20] to be smaller than g, in agreement with our experimental result.

The present model is supported by the fact that the signs of the x- and W -values coincide
with those found for the isolated Er®* on Zn sites (centre C). This means that in the quasi-
cubic framework we have A;{r*) < 0 and A¢{rS) > O also for centre A. On the other hand,
for the parameter A introduced above, we have a valve of much smaller magnitude in case
C (A = -—0.037 from the data [4]). The increase in [A| obtained when adding an F ion to
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the centre is consistent with the experience from work on non-cubic rare-earth centres in
ionic hosts [21] which indicates an appreciable decrease in |A;{r*}| and increase in | A¢{r5)|
occurring owing to an axial perturbation.

A situation analogous to that for centre A has been met in BPR studies of the system
ZnTe:Er, P [6] where Er*t centres with (111) symmetry axes and Fg-like ground levels
have been observed. These centres have been identified as Er on Zn sites associated with P
on NN Te sites. Thus these centres differ from our A-cenire assignment in that the disturbed
NN chalcogen tetrahedron instead of the NN interstitial site tetrahedron is involved. The
presence of a [g-like ground level for the Er-P centre implies similar x- and A-values as in
our case, with an analogous physical reason for their deviation from those of the isolated
Erz, I'7-type centre.

5.3. Centres Band B’

Spectra described by a spin Hamiltonian of the form (2) with g, = O may be observed in
the case of non-Kramers doublets, as arising from RE ions with integral J [14]. Therefore
we assume that spectra B and B’ are due to near-axial complexes of Er**.

T T T T ‘3 I T T I

Figure 7. row diagram [17] describing the splitting of a J = 6 level in a crystal field of cubic
symmetry,

The LLW diagram {(figure 7) shows that for J = 6 there are three triplets Iy, l";” and
I";z ? (effective spin S = 1), each splitting into a singlet and a doublet due to an axial
perturbation.

An additiopal rhombic crystal-field component Vi has matrix elements between the
Mg = 0 and Mz = =] states, giving an allowed transition between the latter, with
g = 48L{Ts|J;ITs), if the oscillatory magnetic field at resonance has a component along
the z axis [14]. From the g|-values found experimentally (section 3) we get

{['s]);|Fs}p = 2.89 (Ts|Jy|Psypr = 2.35.
On the basis of the J = 6 wavefunctions given by LLW [17], one obtains such values for

a Fgl) ground-state triplet (W > 0) with x = 0.5 and x = —0.45, respectively. The case
W > 0, x > 0, may be realized for Er** on an interstitial site with four positively charged
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nearest-neighbour ions, whereas the case W > 0, x < 0, should occur for interstitials
coordinated by four negatively charged jons, This result is based on the structure of the
two types of zincblende interstitial site, for which the NN ionic tetrahedron and the next-
nearest-neighbour (NNN) jonic octahedron are thought to dominate the crystal field [2], and
on Tm** Stevens parameters, which should agree with those of Ex2t with respect to the
signs. It may be assumed, therefore, that the Er®* ions are on both types of interstitial
site, each strongly disturbed by axial fields in {110) directions. These fields could be due
to association with atoms on NNN interstitial sites, i.e. interstitial sites of the same type as
occupied by the Er?* in each of the two cases. In addition to F ions, partner ions related
to the Li,COs codoping may be involved in the centres B and B’, The latter variant would
explain why the respective EPR signals were not found in the Er, F samples.

6. Concluding discussion

Four signals have been observed in our EPR studies.

(1) Signal C, which is already known from earlier work [4], is very probably due to
isolated Er** on Zn sites.

(2) Signal A is assigned to Er** on Zn sites associated with F on a NN interstitial site
(interstitial site surrounded by three Zn atoms and the Er).

(3) Signal B and (4) signal B’ are aitributed to complexes which consisi of Er’t on
interstitial sites surrounded by four NN Zn and four NN Se atoms, respectively, and a partner
atom on the NNN interstitial site (interstitial site of the same type in each case).

Centre A has been detected also in our optical measwrements, which have given
information on its 4f energy spectrum.

Qur results suggest the presence of interstitial Er in the 2+ state, which obviously
implies that the respective ground levels are below the conduction band edge. A trend
toward deep-lying 2+ levels occurring at the end of the lanthanide series has been predicted
for substitutional site occupation 22, 23], and this is consistent with available experimental
data [24]. For RE interstitials there have been, so far, no theoretical discussions concerning
this point; however, recent experimental work on ZnS:Tm [7] establishes the presence of
interstitials in the 2+ state for Tm, which is adjacent to Er in the periodic table. On the
other hand, it should be emphasized that the position of RE ground levels relative to the
energy bands should significantly depend on the host material as well a5 on the structure
and the constituents of complex centres., In particular, we think that the observation of
Br’t interstitial complex centres in ZnSe [4] and ZnTe [6] is consistent with our results
concerning centres B and B’

Let us finally comment on the fact that EPR signals were observed only in the case
of Li;CO3 codoping. For centres B, B’ and C the probable reason is that the respective
concentrations were too low in the Er, F samples. This is not surprising in case C, since
for isolated substitutional centres it has been found earlier [6] that acceptor codoping is
necessary for the incorporation of significant concentrations. On the other hand, centres B
and B’ may be absent in the Er, F cases, because codopant atoms are likely to be constituents
of these complexes.

A real puzzle is the absence of type A EPR signals in the Er, F samples, as confronted
with the result that the corresponding optical spectra were found with and without Li,CO5
codoping, the latter giving evidence of high concentrations of the type A centres. The
only possible way of interpretation seems to be a significant broadening of EPR lines in
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the Er, F case due to relatively short spin-lattice relaxation times (smaller than 10~¢ s).
Such a shortening could arise from the interaction of 4f spins with electronic states outside
the 4f shell considered, which have energies close to the ZnSe conduction band (possibly
donor-type states). Li codoping would compensate (empty) these states, thus reducing the
linewidth and enabling the EPR signals to be observed. If the overlap of those orbitals with
the 4f shell is insignificant, the optical spectra should agree in the two cases as found in
experiment (figure 5).
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